Introduction
Wastewater treatment plant biosolids/sludge can potentially be converted into useful fuel. In recent years, research into wastewater sludge, which can be used as feedstock for fuel conversion, has intensified (Halling-Sorensen et al. 1998; Mottaleb et al. 2015) . The Hydrothermal Liquefaction Treatment (HTL) Program team at Pacific Northwest National Laboratory (PNNL) is evaluating the feasibility of this conversion, using wastewater sludge from various cities. In municipal waste, different classes of residual contaminates can potentially remain in the sludge after wastewater treatment. The presence and concentrations of these contaminants need to be determined to ascertain the proper methods of handling of the sludge. The focus of the work reported here was to assess the presence and determine the concentrations of residual pharmaceutical and personal care compounds (PPCPs) and perfluorinated compounds (PFCs) in the waste stream before and after HTL processing.
The ensuing sections of this report present a processing overview, including a review of PFC and PPCP problems, followed by testing materials and methods, results, and conclusions.
Processing Overview
Samples before and after HTL processing are described below, followed by a brief discussion of the problems associated with PFCs and PPCPs.
Samples before HTL Processing
Five sludge samples were received from Detroit. About 100 g of each sample (see Table 1 for sample descriptions) was obtained for the PPCPs and PFCs extraction and analysis (Figure 1 ). . Samples GLWA P-1, GLWA P-2, GLWA P+S-1, and GLWA P+S-2 represent four streams from the Great Lakes Water Authority, either Primary (P) (i.e., the settled solids from the first round of clarifying ponds) or Primary (P) + Secondary (S) (i.e., the dewatered aerobic bacterial biomass from the aeration ponds, known as secondary treatment). Duplicate of GLWA P+S-1.
To determine the presence of the compounds and to quantify their concentrations, extraction and derivatization procedures and analytical gas chromatography/mass spectrometry (GC/MS) methods were developed for detecting PPCPs and PFCs.
Additionally, all four samples were screened for the presence of heavy metals using the Multicollector inductively coupled plasma mass spectrometry (ICP-MS) method. 
Samples after HTL Processing

Review of PFC and PPCP Problems
Among emerging contaminants in our environment, PFCs and PPCPs have recently attracted more and more attention, because they are considered to be a cause of a variety of health problems. PFCs are associated with reduced female fertility and sperm quality, reduced birth weight, Attention-Deficit Hyperactivity Disorder (ADHD), increased total and non-HDL (high-density lipoprotein; i.e., bad) cholesterol levels, and changes in thyroid hormone levels (Webster 2010) . Likewise, many PPCPs are endocrine disruptors, which at certain doses can interfere with endocrine (hormone) systems, causing cancerous tumors, birth defects, and other developmental disorders.
Perfluorinated Compounds PFCs such as perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) have been used in a wide range of industrial and consumer products for many decades. PFCs, including PFOS and PFOA, have increasingly attracted concern in recent years because of their global distribution, persistence, strong bioaccumulation, and potential toxicity. These chemicals form a new class of recalcitrant pollutants. PFCs have been produced and used for more than 50 years (Giesy and Kannan 2002) . They are commonly applied as surfactants for metal planting, vinyl polymerization, firefighting foams, gasoline, and water repellents for leather and paper (Giesy and Kannan 2002; Sinclair and Kannan 2006; Prevedouros et al, 2006) .
Because of U.S. Environmental Protection Agency (EPA) regulations and the frequency of PFCs being detected in the environment and being reported in research literature (e.g., Sepulvado et al. 2011; Higgins et al. 2005; Sinclair et al, 2006) , the PFCs listed in Table 3 were selected as the target compounds for the purposes of our analysis. 
Pharmaceutical and Personal Care Compounds
More than 3000 pharmaceuticals are being used in the world now, and the number is increasing all the time (Halling-Sorensen et al. 1998) . Eighty percent of them pass through the human body unaltered and enter the environment (Halling-Sorensen et al. 1998; Mottaleb et al. 2015) . They all affect living organisms and their metabolites might have more dangerous effects (Togola and Budzinski 2007) . To some degree, the same can be said about personal care products, many of which contain biologically active substances, especially hormones.
Based on a literature search, the PPCP compounds listed in Table 3 were selected as the target compounds for analysis in this study. 
Materials and Methods
Sample extraction, the preparation of standards and samples, derivatization of each for PPCPs and PFCs, and the associated analytical methods, sample preparation and analysis methods are described in the following sections.
Sample Extraction
Methylene chloride (CH2Cl2)-one of the most common extractants used to extract a wide majority of semi-volatile compounds-was used to extract PFCs and PPCPs from the sludge during this study. For the sludge samples, 5 g of sludge was extracted using 20 mL of CH2Cl2 in a 40mL glass vial for 48 hours. During the extraction, the mixture of sludge with extractant was mixed by a rotational mixer. The extraction systems were then centrifuged to separate the extractant from the sample. The extractant from each sample was then transferred to a vial for further processing and analysis ( Figure 2 ). 
Standard and Sample Preparation
PPCP standards at 200 ppm concentration were ordered from Restek Corporation (Bellefonte, PA). PFCs were ordered from Aldrich (Milwaukee, WI, USA), Apollo Scientific (Cheshire, UK), and Synquest laboratories (Alachua, FL, USA). PFC compounds were dissolved in acetonitrile. The PPCP and PFC standards were diluted using CH2Cl2 to prepare sets of standards used for GC-MS/MS calibration. The extractant CH2Cl2 was used for analysis with no further processing. Blank samples were run before and after the calibration and after every sample in order to avoid cross-contamination. Internal standards for the EPA 8270 method were added to each standard, sample, and blank.
Standard and Sample Derivatization
PPCP Derivatization
Derivatization of the following three PPCP compounds was conducted to achieve better identification and quantification.
• Gemfibrozil (25812-30-0)
• Naproxen (22204-53-1)
• Ibuprofen (15687-27-1).
All three compounds were analyzed directly using GC/MS, but the results were inconsistent and depended too much on the condition of the instrument. Occasional derivatization of these compounds sometimes happens during the analyses.
In our first study (Zhong et al. 2016) , the procedure of derivatizing non-GC-able compounds to Trimethylsilyl (TMS) esters was used, and is described in details by Shareef et al. (2006) . N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) (Sigma-Aldrich, Inc.) was used as the derivatizing agent. This method was also used in this study. The derivatizing process included the following steps:
1. Mix 0.2 mL of MSTFA with 0.2 mL of CH2Cl2. 2. Add 20 mg of a compound to be derivatized. 3. Mix and place the mixture in an oven set at 60°C for 30 min.
PFC Derivatization
We used a modified derivatization procedure based on the Perfluorinated Carboxylic Acid (PFCA) derivatization method reported by Dufkova et al. (2012) . We consider the modified procedure more reliable and less dependable on the derivatization condition and purity of the compounds involved. The PFCA standards were derivatized in 2.0 mL glass vials with 16 µL of pyridine, 32 µL of isobutyl alcohol, and 40 µL of isobutyl chloroformate (IBCF) to 720 µL of the appropriately diluted acetonitrile solution of the PFCA mixture, bringing the overall volume of the reaction mixture to 800 µL. The mixture was stirred for 20 s in an ultrasonic bath, then maintained quiet for 8 min, after which 800 µL of hexane were added to the mixture, and the isobutyl esters formed were extracted by shaking for 1 min. The upper hexane layer was collected in vials for GC-MS/MS analysis. Other derivatization techniques reported in the literature (e.g., Alzaga R et al. 2004 ) use the derivatization agent thionyl chloride (SOCl2).
Analytical Methods for PPCPs and PFCs
Some PFCs and PPCPs cannot be analyzed using GC/MS. For these compounds, liquid chromatography with tandem mass spectrometry (LC-MS/MS) is used for the analysis. Nevertheless, many PFC and PPCP compounds can be analyzed by GC-MS, either directly or after their proper derivatization to esters. The GC-MS technique might have some advantages, because of the higher resolution of GC columns compared to LC columns.
A GC-MS/MS system (Agilent 7000C) (Figure 3 ) was used for the analysis. The scan mode was used to identify compounds by their mass spectra and to determine the retention times of the compounds in the samples. The selected ion morning (SIM) method was then used to measure a set of compounds. Multiple reactions monitoring (MRM) was applied to determine the concentrations of the compounds that were hard to determine using the SIM method. Each of the methods is described more detail, as follows.
• Scan method. The scan method is the least sensitive, but the most informative method. Most of the compounds can be identified by their mass spectra even if we do not have the standard for those compounds. In the scan method, MS produces the mass spectra of each compound. The most intensive ions in the mass spectra are used to create the SIM method or MRM method.
• SIM method. In this method, GC/MS registers only the characteristic ions for certain compounds whose retention times were previously determined during the standards run. In many applications, this method is sufficient for most of the compounds and has a sensitivity 100 to 1000 times higher than the scan method. In this work, the samples were highly loaded with organic materials, which produced significant interferences. In general, the compound with smaller MWs and shorter retention times (e.g., 4-tert-octylphenol) were more reliably quantified. The compounds with higher MWs in the second half of the chromatogram had more interferences, so the MRM method was used to determine the concentrations of those compounds.
• MRM method. In this method, the first mass spectrometer selects characteristic ions for certain compounds and the second mass spectrometer registers only the fragment ions for the selected characteristic ions after they are broken down in the collision cell, which is located between the two mass spectrometers. This makes the MRM method more selective than the SIM method, but the samples are so complex that we have observed some interferences even in MRM method. The ions selected by the first mass spectrometer are called parent ions, and the ions coming out from the collision cell are called product ions. Different energies in the collision cell are applied during the optimization runs, and the most efficient values are used during the analytical runs. 
Sample Preparation for Elemental Analyses
For the preparation of heavy metals by MC-ICP-MS, aliquots of the wastewater sludge samples were transferred into quartz crucibles and heated in a muffle furnace for 8 hours at 110°C, resulting in a weight loss of approximately 75%. The dried samples were heated for another 9 hours at 425°C, resulting in an additional weight loss of 15%. The dried samples were transferred into 50 mL Teflon vials and digested for 20 hours at 85°C with 4 mL of 1:1 concentrated nitric acid and concentrated hydrofluoric acid. After heating the digestates to approximately 0.5 mL, 2.5 mL of concentrated hydrochloric acid was added to the vials. The samples were digested for 28 hours, then heated to dryness. The residue was digested with 1 mL of concentrated hydrochloric acid and 4 mL of concentrated nitric acid for 30 min. Deionized water was added to a 20 mL volume and the sample solution was digested for 12 hours. All acids were Fisher Optima grade.
Analytical Method for Elemental Analyses
Elemental analyses were done on the Multicollector ICP-MS NU Plasma HR using the previously reported method (Mitroshkov et.al. 2015 (Mitroshkov et.al. , 2016 . In the elemental analysis, only the central Faraday cup (Ax) was used. In this mode, the system quickly jumps from one isotopic peak of a certain element to the isotopic peak of another element. The scan rate was 1000 msec/amu and the dwell time was 2 sec. Unlike in isotopic analyses, where the MS has the ability to find precisely the center of the peak, the accurate centering of every peak every time is unattainable. Therefore, it is important to accurately calibrate the mass scale. For this purpose, two different standards were used:
• The internal standard contains eight elements: Bi, Ho, In, Lu, Rh, Sc, Tb, Y (High Purity Standards, SC, USA); in order to cover the low side of mass scale Li and Be were also added to this standard; U was added for the higher end of the mass scale
• ICP-MS standard contains 68 elements (High Purity Standards, SC, USA).
The internal standard provides an 11-point calibration, followed by the ICP-MS standard, which provides a 66-point calibration.
Results
Results for PFCs for the Samples before HTL Processing
So far, the reported data on PFCs in sludge are very limited, but some available data are in the same range of concentrations as ours. For Higgins et al. (2005) , the concentration of PFCs in domestic sludge ranged from 5 to 152 ng/g (0.005 to 0.152 mg/kg) for total perfluoro-carboxylates and 55 to 3370 ng/g (0.055 to 3.37 mg/kg) for total perfluoroalkyl sulfonyl-based chemicals. In our investigation, the sulfonyl-based chemicals were in the range of 6 to 253 ng/g (0.006 to 0.253 mg/kg) and for total perfluorocarboxylates and perfluorinated alcohols our data were in the range of 5 to 2526 ng/g (0.005 to 2.53 mg/kg) ( Table 4 ).
The choice of extractant for this kind of analytical work is very important, but has not been investigated sufficiently. Higgins et al. (2005) used a mixture of methanol and acetic acid. In addition to using CH2Cl2 as the extractant, we have used methanol. Methanol extraction extracted a smaller amount of PFCs than CH2Cl2 extraction. Because our purpose was to investigate a big group of different compounds that had very different properties, the choice of one of the most universal extractants-CH2Cl2-was appropriate.
We investigated matrix spiked sludge and aqueous products in order to determine the efficiency of the extraction. When using the matrix spike approach the question that always remains is how adequately do the results of the matrix spike experiments represent the extraction from real samples. The problem is that, due to possible complexation of PFCs in the sludge, the extraction of the sludge and the extraction of the spiked samples might differ.
For matrix spike experiments, only the PFCs, which can be directly analyzed using the GC/MS method without derivatization, were used. They represent a different kind of PFCs.
A known amount of PFC compounds was added to a known amount of WW-07 Tote Aqueous Product and WW-07 BD 1-4 solid samples (see Table 4 fora description of the recovery of PFCs by CH2Cl2 extraction ). The spiked concentrations were 2 mg/L in the aqueous sample and 8 mg/kg in the solid sample. The spiked samples were then extracted to analyze the PPCP concentrations using the sample processing procedures and analytical methods developed for PFC compounds analysis. The sample spiking and extraction details were as follows:
• Matrix spike for WW-07 Tote aqueous product -2.0 mL of 50 ppm PFC stock solution was added to 50 mL of WW-07 Tote liquid. The final concentration was 2.0 mg/L.
• Matrix spike for WW-07 BD 1-4 solid -Water was first added to 5 g of the dry solid to moisturize the sample. 0.8 mL of 50 ppm PFC compound stock solution was then added to the mixture. The final concentration was 8 mg/kg (dry).
• Extraction -20 mL of CH2Cl2 was added to 5 g of PFC spiked solid; and 10 mL of CH2Cl2 was added to a 50 mL spiked aqueous sample. Assuming all the PFCs were extracted, the concentrations of the PPCP compounds would be 2 ppm in the extractant from solid extraction and 10 ppm from the aqueous phase extraction. In our previous and current research, we have analyzed PPCPs using the SIM and MRM methods. The data obtained by the MRM method are more reliable, because of the significantly higher selectivity of the MRM method compared to the SIM method. Nevertheless, we did not analyze PFCs using the SIM method, because the spectra of PFCs are not very different from many other fluorinated compounds, which are present in the sludge and have too many similar ions (e.g., m/z=69,131,219, etc.).
The presence of other fluorinated compounds, which was not included in the scope of our research, would have made the analyses in SIM mode unreliable due to many interferences. 
Results for PFCs for the Samples after HTL Processing
Results for PPCPs
Matrix Spikes Test for PPCPs
In the matrix spike tests for the HTL Sludge Analysis project, a known amount of PPCP compounds was added to a known amount of WW-07 Tote Aqueous Product and WW-07 BD 1-4 solid samples (see Table 7 for the sample description). The spiked concentrations were 2 mg/L in the aqueous sample and 4 mg/kg in the solid sample. The aqueous and solid samples were set to react with spiked PPCPs for 4 days. The spiked samples were then extracted for PPCPs using CH2Cl2 for 2 days. The extracts were analyzed for PPCP concentrations using the sample processing procedures and analytical methods developed for the PPCP compounds analysis. The sample spiking and extraction details were as follows.
• Matrix spike for WW-07 Tote aqueous product -0.5 mL of 200 ppm PPCP stock solution was added to 50 mL of WW-07 Tote liquid. The final concentration was 2 mg/L.
• Matrix spike for WW-07 BD 1-4 solid -1 mL of deionized water was first added to 5 g of the dry solid to moisturize the sample. 0.1 mL of 200 ppm PPCP stock solutions was then added to the solid. The final concentration was 4 mg/kg (dry).
• Extraction -20 mL of CH2Cl2 was added to the 5 g PPCP-spiked solid, and10 mL of CH2Cl2 to the 50 mL spiked aqueous sample. Assuming all the PPCPs are extracted, the concentrations of the PPCP compounds in the extractant should be 1 ppm from solid extraction and 10 ppm from the aqueous phase extraction. The somewhat excessive recovery values obtained for Octylphenol and Primidone. These values were likely caused by different reasons. Octylphenol appears to be very ubiquitous, so occasional contamination is possible. It is possible that Primidone, as observed for a few other compounds, exhibits different responses in the standard and in the samples. Certain compound are very sensitive to contamination in the injector, and can be absorbed or even derivatized at the contaminated surfaces. The presence of many organic compounds in complex samples like these, "screen" these analyzed compounds from contact with contaminated surfaces. As a result, these kinds of compounds exhibit higher responses in the samples than in the standards.
Overall, the concentrations of PPCPs determined in this round of research were significantly lower than in the previous study (Zhong et al. 2016 ). We also found that the derivatization method using IBCF, as used in this research, works more reliably than the TMS method used in our previous research. Both isobutyl and methyl esters of derivatized compounds were observed.
In Table 8 through Table 14 , the comparative results for PPCPs analysis using the SIM and MRM methods are reported. The comparison of SIM and MRM results is important, because it gives additional confirmation of and improves the reliability of the results. Also, the feasibility of the SIM method for such complex samples is tested. In Table 8 , one can see that there is very good agreement for 4-tert-octylphenol, Bisphenol A, and Diclofenac. Carbamazepine in SIM mode has too many interferences and was not reliably detected. Acetaminophen is the example of false positive in SIM method; it was not detected using the MRM method. As seen in Table 9 , for Estradiol, Estrone, and Fluoxetine, there is reasonably close agreement between the SIM and MRM results, although, due to more significant interferences, there are mostly higher concentrations for SIM results. For Ethynylestradiol, we have false positive results. There are no data in SIM mode for Gemfibrozil, because of high-level interferences. Later (see below), the derivatization results confirmed that Gemfibrozil is present in the samples at a detectable level. As shown in Table 10 , there is good agreement between SIM and MRM data for Ibuprofen. Everything else is very low or undetected. The SIM results are a bit higher, which is understandable, because MRM method provides higher selectivity than the SIM method and the influence of interferences is smaller in the MRM method. These compounds were analyzed only in SIM mode, because in previous research found that they were in high concentrations, well separated chorographically, and had very distinct mass spectra. Therefore, there was no need for applying the more complicated, although more selective, MRM method for these compounds. In future research, the MRM method will be developed for detecting these compounds, too, because they can be present in lower concentrations in different samples. So far, the derivatized samples have been analyzed only in SIM mode. We plan to develop the MRM method during the next step of our research. For Ibuprofen there is good agreement between the SIM and MRM data for non-derivatized sample analyses, although for derivatized sample analysis the values are somewhat higher. We suppose that some Ibuprofen isobutyl ester might be present in the sample even before the derivatization. This suggests that TMS derivatization method we used in previous research might be still preferable, even though it is less reliable than the IBCF derivatization method. The presence of isobutyl esters in the samples before derivatization appears to be more likely than the presence of TMS esters.
For the data that are not available (NA), the characteristic ions for Gemfibrozil and Naproxen esters are registered at corresponding RT, but the results are inconclusive because of the high level of interferences, and to indicate the detection level is not possible.
Results for PPCP after Treatment
The analyses of pre-treatment samples reported here have demonstrated that the MRM method is superior to the SIM method, so the analysis of post-treatment samples was done using only the MRM method. 
Results for Elemental Analyses.
For elemental analyses, the concentrations are given for wet sludge (ng/g) (Table 15 and Table 16) . Negative values for a few elements mean that the registered values for these elements were below the values recorded in the Preparation Blanks. 
Conclusion
For all the PFC and PPCP compounds, except Perfluorononanoic acid and caffeine, the concentrations in sludge Sample-1 were significantly higher than in the other four samples; while in sludge Samples-2, 3, 4, and 5 there was no trend in concentrations change. The PPCP with the highest concentration was Bisphenol A, a plasticizer also identified as an endocrine disruptor that had a concentration in the range of 2.2-4.8 ppm. The compound 4-tert-octylphenol was detected in the concentration range of 0.5-1.2 ppm; also an endocrine disruptor, it is used to manufacture alkylphenol ethoxylates, which are anionic surfactants used in detergents.
The PFC with the highest concentration of 2.5 ppm was Perfluorododecanol. The higher concentrations in Sample-1 most likely are due to this sludge having undergone different processing steps than the other four samples.
To date, no occupational exposure limits have been identified for the PPCP and PFC compounds and no concentration limits have been set for sludge disposal. However, these compounds are getting increased attention because wastewater sludges are sources of air contamination (Ahrens et al. 2011 ) and groundwater pollution (Sepulvado et al. 2011) . Regulations are expected to establish the associated occupational exposure limits.
The analysis of the samples after they were HTL processed demonstrates that the process removes most of the hazardous compounds from the sludge. The results of the analysis show that practically all analyzed PFCs were destroyed in the sludge during the HTL treatment process.
Most of the PPCPs were also destroyed, but some, such as Ibuprofen, Diclofenac, and 4-Tert-octylphenol, were detected after the treatment. It is somewhat challenging to compare the results for these most persistent contaminants before and after treatment, because these were different sources and the samples we've received after the treatment were dry and the samples received before the treatment were wet. Considering that liquid sludge samples contain an average of 80% water, the results for dry sludge were adjusted for moisture content. The before and after treatment concentrations are presented in Table 17 for comparison. It appears that although some reduction in concentrations takes place, the concentrations of these most stable compounds are generally in the same range. 
